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Abstract.  This paper presents a brief overview of available experi-
mental data on the characteristics of stimulated terahertz emis-
sion (4.9 – 6.4 THz) from optically excited neutral group V donors 
(phosphorus, antimony, arsenic and bismuth) in crystalline silicon 
subjected to uniaxial compressive strain along the [100] axis. Strain 
is shown to have a significant effect on the characteristics in ques-
tion. Optimal strain depends on the dopant and may reduce the 
threshold pump intensity and improve lasing efficiency. We discuss 
possible mechanisms behind this effect and estimate the limiting 
output emission parameters.







radiation  [2]. Some time  later,  similar  results were obtained 
with other group V donors (Sb, As and Bi) [3, 4]. The specifics 
of  stimulated  emission  from  such  centres  under  intracentre 
optical excitation was investigated using a free-electron laser 











Uniaxial  deformation  of  a  crystal  produces  significant 
changes in conduction band states, which tells on relaxation 
processes and the population of working states and changes 
the  polarisation  characteristics  of  the  medium.  This  paper 






approximation  adequately  describes  all  odd  excited  states 
(2p0, 2p±, 3p0 and others) of donors. Such states are produced 
independently at each valley and are thus sixfold degenerate. 





eracy. The  states  of  the  six  valleys  then  intermix with  each 
other  to  form  an A1  singlet,  E  doublet  and T2  triplet.  The 
notations A1, E and T2 reflect the symmetry of states and cor-
respond to the irreducible representations of Td (tetrahedron) 
point-group  symmetry  [13,  14]. This  refers  primarily  to  the 
most  localised  state  1s,  which  splits  into  1s (A1),  1s (E)  and 
1s (T2). The energies of the 1s (E) and 1s (T2) states differ by 
~1 meV and approach  the  energy of  the  ground  state of  a 
‘pure’ Coulomb centre (31.3 meV). At the same time, the cor-
rection D  to  the energy of  the 1s (A1) ground state  is  rather 
large: 11.4, 14.3, 22.5 and 39.7 meV for the Sb, P, As and Bi 
donors, respectively. It is commonly referred to as a chemical 
shift.  In  addition,  spectra  of  the  antimony  in  Si : Sb  and 




ple,  Sb  has Lso »  0.29 meV  [15]).  In  the  case  of  P  and As 
centres, the effect of spin – orbit coupling is negligible.
On  the  other  hand,  uniaxial  deformation  of  a  crystal 
also reduces the degeneracy and splitting dE of the states of 
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sation  of  these  valleys  due  to  the  spin – orbit  coupling  is 






excited  electrons  at  long-lived  2p  states  (Fig.  2).  The  lower 
working levels are the group of 1s (E) and 1s (T2) split-off states. 
In the case of the Sb and P donors, the working transitions are 
2p0 ® 1s (T2);  those  for  As  and  Bi  are  2p± ® 1s (E)  and 
2p± ® 1s (T2). Changes in conduction band states influence the 






































































































































measurements,  the  binding  energy of  a D–  centre  decreases 
from 2 to ~0.5 meV with increasing strain [18]. At an electron 




donors  in  a  silicon  crystal  was  measured  as  a  function  of 
strain. Along with a CO2 laser, a quantum cascade laser ( l = 
97 mm) was used as a probe source. The modulation of  the 
quantum  cascade  laser  beam  after  it  passed  through  Si : As 
and Si : Bi samples exposed to a CO2 laser beam was recorded 





of  working  states  in  a  uniaxially  deformed  crystal.  For 
example, the relaxation of the upper working state 2p0 in P 
and Sb is controlled by the emission of LA-g and TA-f short-
wavelength  (intervalley)  phonons,  responsible  for  electron 





Figure  6  presents  calculation  results  for  dN/Nd,  which 
characterises  the  inverse  population  as  a  function  of  [100] 
compressive strain for working transitions of the phosphorus, 
arsenic and antimony donors in silicon under CO2 laser exci-
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3. Silicon samples and experimental techniques
Silicon  crystals  were  grown  by  the  floating-zone  technique 





ented  to within  1'  accuracy  and polished. As  a  result,  each 
sample was a high-Q cavity for total internal reflection modes. 
THz radiation was coupled out owing to diffraction and/or 
departure  of  the  faces  from  parallelism.  According  to  test 
measurements,  the  losses  in  such  resonators,  including 
absorption by the crystal lattice, were within 0.01 – 0.02 cm–1. 
The  compressive  stress  reached  4 – 5  kbar  and  was  applied 
along the long edge of the samples. The samples were pumped 
at a wavelength l = 10.6 mm ('w = 117 meV) by a Q-switched 










Figure  8  shows  the  measured  output  stimulated  emission 
intensity  as  a  function  of  uniaxial  strain  for  all  group  V 





a  level of ~100 W cm–2, which  is  two orders of magnitude 
lower than that in undeformed silicon and a factor of 2 – 3 lower 
than that under pumping by a TEA CO2 laser.
For all donors,  the output  stimulated emission  intensity 
is a nonmonotonic function of strain. At P = 0,  there  is no 





















stimulated  emission.  They  were  identified  using  theoretical 
predictions as to the effect of strain on the spectrum of donor 
states. Such data  for  the Bi donor are presented  in Fig. 1a, 
and those  for P,  in Fig. 1b. The spectra are consistent with 






laser  excitation  are  summarised  in  Table  2.  Some  of  them 
were obtained by measurements, and some (marked by aster-





Our  measurements  clearly  demonstrate  that  [100]  uniaxial 
deformation  increases  the  gain  coefficient  for  intracentre 





Sample Material Dimensions/mm Nd/1015 cm–3
1 Si : Sb 2.75 ´  4.70 ´  6.15 4
2 Si : P 2.75 ´  4.90 ´  6.20 4
3 Si : As 1.90 ´  6.10 ´  4.10 2
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Ip/kW cm–23.0 3.2 3.4 3.6
Ip/kW cm–20.1 0.3 1
Ip/kW cm–20.1 0.3 1
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donors  follows  the  chemical  shift.  Recall  that  the  binding 
energy  of  the  ground  state  1s (A1
l)  in  undeformed  silicon  is 
~42.74 meV for antimony, ~45.59 meV for phosphorus and 
~53.76 meV  for arsenic  [14]. The  respective  chemical  shifts 
are 11.4, 14.3 and 22.5 meV. According to calculations [12], 
the  lifetime of  the  lower  state 1s (B2) of  the working  transi-
tion is controlled by the interaction with the TA-g intervalley 
phonons,  having  an  energy  of ~12 meV,  for  the  Sb  and P 




the  ground  state, which was  taken  to have  a hydrogen-like 
wave function. The detuning of the lower state of the working 






















Therefore,  the  emission  frequency  for  the  transitions  indi-
cated in Fig. 10 should be strain-independent (see Fig. 1). At 
the same time, a change in the binding energy of the 1s (A1) 
ground  state  may  lead  to  changes  in  emission  frequencies. 
This may occur  in  the  case of As, when  the  crystal  is  com-
pressed  along  the  [100]  axis  under  a  pressure  of ~300  bar 
(Fig.  10c).  Frequency  switching  can  be  accounted  for  by 








phonons,  which  are  close  in  energy  to  the  1s (B2) ® 1s (A1) 
transition. However, at stresses above 1 kbar, these phonons 
are detuned from resonance, but the relaxation of this state 
through  TA-g  phonons  becomes  important.  Therefore, 
throughout the strain range in question, up to 4 – 5 kbar (Fig. 6), 
an  inverse population of  states and gain on  the 2p ® 1s (B2) 
transitions should persist.















which determines  the  specifics of excited  state  relaxation of 
this centre [19]. According to spectral measurements in a wide 
strain  range,  lasing  occurs  on  transitions  of  the  4D  valleys 
(Fig.  11).  The  states  of  the  2D  valleys  have  no  population 
inversion because of  the direct photoexcited carrier  capture 
from the conduction band to the ground state, accompanied 
by  LO-g  phonon  emission.  There  is  no  such  factor  in  the 
upper 4D valleys. According to measurements, however, only 
about  10 % of  the  excited  electrons  reach  the working  2p0
4D 
states  of  the  upper  valleys,  which  increases  the  threshold 
pump intensity.
6. Output emission directionality  
and polarisation
Clearly,  these  characteristics  of  stimulated  emission  in  the 
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internal  loss  due  to  the  absorption  by  negatively  charged 
donors and their complexes. Varying the strain may cause not 
only  changes  in working  transitions  (Si:As)  and  the  associ-
ated sharp change in lasing frequency but also a more gradual 
frequency  tuning,  related  to  the  effect  of  strain  on  the 
spin – orbit splitting of the 1s(T2) states (Si : Bi and Si : Sb).
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Figure 12. Emission  directionality  as  a  function  of  the  shape  of  the 
polarisa tions. The optical field polarisation is e0||F.
